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Abstract
The mechanical response of thin metallic ﬁlms is simulated using a two-dimensional strain gradient plasticity ﬁnite-element model
involving grain boundaries in order to investigate the eﬀect of the thickness, grain shape and surface constraint on the strength, ductility
and back-stress. The grain boundaries and surface layers are modeled as initially impenetrable to dislocations while allowing for relax-
ation at a critical stress level. The model captures the variation of the strength with grain size, ﬁlm thickness, and with the presence or not
of constraining surface layers, in agreement with experimental results on Al and Cu ﬁlms. A decrease in the uniform elongation is pre-
dicted with decreasing ﬁlm thickness due to a loss of strain-hardening capacity and the possible presence of imperfections. These two
eﬀects dominate over the stabilizing contribution of the plastic strain gradients. Accounting for the relaxation of the interface constraint
aﬀects the magnitude of the back-stress as well as the drop in ductility.
 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
The low ductility of thin metallic ﬁlms is a key issue in
many applications, including ﬂexible electronic systems
[1–3], some micro- and nano-electromechanical systems
(MEMS/NEMS) devices [4,5], or in thin coatings which
must sustain forming operations after deposition or resist
scratching [6]. Although the origin of the increased strength
when thickness decreases has been widely investigated
using both experimental and computational approaches
[7–15], a proper understanding and modeling of the limited
strain-hardening capacity leading to the often mediocre
resistance to plastic localization of thin ﬁlms is still lacking.
The dislocation motion in thin metallic ﬁlms is aﬀected
by the high density of interfaces and the large surface-to-
volume ratio. The interactions of dislocations with grain
boundaries, with interfaces between the ﬁlm and the sub-
strate or with another ﬁlm, as well as with possible oxide
layers at the surface, induce the coexistence of multiple
mechanisms such as blocking, annihilation, emission,
reﬂection and transmission, depending on the stress level
and on the character/structure of the interface. As a result,
the density of dislocation barriers is related to both the
grain size d and the sample thickness h. An empirical rela-
tionship describing the evolution of the strength with these
two parameters has been proposed by de Boer et al. [8]
based on experimental data collected by Venkatraman
and Bravman [10] for Al–0.5%Cu thin ﬁlms sandwiched
between an SiO2 layer on the substrate side and a 65 nm
thick anodic oxide ﬁlm intentionally grown on the surface:
rys ¼ m=hþ K=
ﬃﬃﬃ
d
p
, where m ¼ 83MPa lm and K ¼ 100
MPa
ﬃﬃﬃﬃﬃﬃﬃ
lm
p
. Additional eﬀects related to the presence of
material, geometrical imperfections or growth twins, to
grain growth mechanisms, to the strength of the oxide
layer, and to the strain rate-sensitivity, can also have a
ﬁrst-order impact on the ductility (e.g. [16]).
In order to capture the diﬀerent size eﬀects aﬀecting
both the strength and ductility in thin ﬁlms, a ﬁnite-element
model has been developed relying on a ﬁnite-strain
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implementation of the strain gradient plasticity theory
developed by Fleck and Hutchinson [17] for the behavior
of the grain interior. Cohesive zones are used to represent
the interface layers, together with evolving higher-order
boundary conditions at the frontier with the grain interior
(see Fig. 1). The interface layers are extremely thin, of the
order of a few atomic spacings, depending on the type of
interface considered (grain boundary, interface with an
oxide layer, interphase) with a structure, and thus a
response, diﬀerent from that of the grain interior. The
interface layers are considered to be initially impenetrable
to dislocations. This is enforced by constraining the plastic
strain rate at the interfaces between the grain interior and
the layer. When applying the load, the grain interior starts
deforming plastically while the interface layers remain elas-
tic. The strength of the near-interface regions increases rap-
idly due to the large local plastic strain gradients resulting
from the higher-order boundary conditions, generating
also large back-stress levels within the grain interior. When
the stress on an interface reaches a critical value, the diﬀer-
ent mechanisms of transmission, nucleation and/or sinking
of dislocations start being activated. This is empirically
modeled by relaxing the constraint on both sides of the
interface layer, and letting the plastic ﬂow develop within
it. The back-stress then also partially relaxes. From that
point on, the conﬁnement is not explicitly enforced through
the higher-order eﬀect, and the plastic ﬂow is only con-
trolled by the classical behavior of the interface layer rep-
resented by a simple linear hardening law. The slope of
the classical hardening law of the interface layer phenome-
nologically represents the resistance to dislocation motion
imposed by the mechanisms occurring inside the interface
layer and the evolving structure of the interface. A similar
model has been applied to address the grain-size-dependent
strength and ductility of ferrite [18] and the behavior of
transformation-induced plasticity (TRIP)-assisted multi-
phase steels [19].
The objective of this paper is to investigate the relation-
ships between the strength and ductility, and the main
microstructural parameters of thin metallic ﬁlms. The focus
will be on the 0.2% oﬀset yield stress and on the uniform
elongation, deﬁned as the strain at which elastic unloading
ﬁrst occurs, indicating plastic localization. The grain size
and sample thickness condition the respective inﬂuence of
the presence of grain boundaries, and interfaces with the
substrate or with possible oxide layers. The inﬂuence of
imperfections and of the grain size distribution on the onset
of necking will also be addressed. The predictions are com-
pared with the experimental data of Venkatraman and
Bravman [10] (see above), Xiang and Vlassak [20], as well
as with uniaxial tensile tests performed on 200 and
375 nm thick aluminum samples using a novel dedicated
on-chip tensile testing technique [21,22].
Section 2 presents the constitutive model and numerical
procedures. Section 3 addresses the inﬂuence of the key
parameters on both the strength and ductility, and vali-
dates the model by comparison with the experimental
results. The paper ends with conclusions and perspectives.
2. Model and numerical procedures
2.1. Model
The grain interior response (see Fig. 1) is modeled using
the strain gradient plasticity theory proposed by Fleck and
Hutchinson [17], extended to ﬁnite-strains by Niordson
Fig. 1. Schematic description of the 2-D plane-strain model for the polycrystalline thin ﬁlm based on a strain gradient plasticity description of the grain
interior and cohesive zone representation of the interface layers (grain boundaries and interfaces with other layers) involving, on both sides, evolving
higher-order boundary conditions.
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et al. [23,24]. The gradient-hardening eﬀect is introduced
through a generalized eﬀective plastic strain rate _Ep,
deﬁned in terms of the rate of the conventional J2 deﬁnition
of the eﬀective plastic strain _ep ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
3
_epij _e
p
ij
q
(where _epij are the
components of the plastic strain rate tensor), of its spatial
gradients _ep;i, and, in the most simple version, of one inter-
nal length parameter l as:
_E2p ¼ _e2p þ l2 _ep;i _ep;i ð1Þ
Both terms in Eq. (1) relate respectively to the strength-
ening brought by the motion of the statistically stored dis-
locations (SSDs) and to geometrically necessary
dislocations (GNDs) [25]. Physically, the parameter l con-
trols the relative contribution of both the plastic strains
and plastic strain gradients assuming that SSDs and GNDs
aﬀect the hardening equally [25]. The plastic strain rate is
given by the usual ﬂow rule _epij ¼ _ep 32 sij=rðeÞ ¼ _epmij, where
sij are the components of the deviatoric part of the Cauchy
stress tensor rij and r(e) is the von Mises stress. Using an
independent plastic strain ﬁeld on equal footing with the
displacement ﬁeld, the principle of virtual work expressed
in the current conﬁguration is:Z
V
ðrijd_eij þ ðQ rðeÞÞd_ep þ sid_ep;iÞdV
¼
Z
S
ðT id _ui þ td_epÞdS ð2Þ
where eij is the total strain, Q the stress measure work-con-
jugate to the conventional eﬀective plastic strain, si is the
higher-order stress conjugate to the spatial gradient of
the conventional eﬀective plastic strain, Ti is the conven-
tional traction at the boundary of the solid, and t is the
higher-order traction acting at the boundary of the plasti-
cally deforming region. The description of the ﬁnite-strain
formulation and the detailed ﬁnite-element implementation
of this strain gradient plasticity framework can be found in
Refs. [23,24] based on relations from Ref. [26] for the ﬁnite-
strain setting. The implementation is purely incremental,
which means that the variation in displacement and eﬀec-
tive plastic strain are the unknowns at each step.
A number of recent contributions have examined the
inﬂuence of interface plasticity on the ﬂow behavior of poly-
crystals, including the impact of a change in the conﬁning
conditions on the evolution of plastic strain gradients along
the deformation history [27–31]. In the present contribution,
higher-order conﬁnement is considered only at the pre-exist-
ing ﬁxed boundaries (surfaces and grain boundaries), and
not at the moving elastoplastic boundaries.
The hardening modulus h(Ep) is described by a Voce-
type law, which is known to provide a physically realistic
description of stage III hardening [32], as:
hðEpÞ ¼ @ry
@eP
¼ H0  bðryðEpÞ  r0Þ ð3Þ
Note that the hardening modulus is evaluated at the
generalized plastic strain Ep, in order to include all contri-
butions to hardening from both SSDs and GNDs.
The interface layer behavior (grain boundaries or inter-
faces with surrounding material layers) is described using a
cohesive zone (CZ) model. As sketched in Fig. 1, the
behavior is ﬁrst elastic with the following relationship:
s
r
 
¼ E=w 0
0 G=w
 
Dut
Dun
 
ð4Þ
where w is the initial thickness of the interface layer (typi-
cally w < 1 nm), E and G are the Young’s and shear mod-
ulus, respectively, and Dut and Dun represent the tangential
and normal relative displacement over the thickness w,
respectively. For the sake of simplicity, the elastic parame-
ters of the CZ are considered similar to the grain interior.
Now, the key ingredient, more than the traction separa-
tion response of the interface layer, is the presence of two
interfaces on both sides of the CZ. Higher-order boundary
conditions are applied on these interfaces. The plastic ﬂow
is initially constrained by imposing the condition _ep ¼ 0 via
a penalty term at the boundary of the grain interior. This
results in the development of strong plastic strain gradients
in the grain interior. The eﬀect on the overall strength
depends on the magnitude of the plastic strain gradients
and on the intrinsic length l compared to the grain size d
and thickness h. These higher-order conditions are more
important regarding the response of the grain aggregate
than the CZ behavior.
Upon further straining, the conﬁnement condition can
be modiﬁed [19,33] based on a condition on the local (con-
ventional) stress carried by the CZ. The condition for relax-
ing the higher-order conﬁning eﬀect is formulated in terms
of the CZ von Mises stress as:
req ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2 þ 3s2
p
P rIRS ð5Þ
where rIRS is the phenomenological parameter governing
the relaxation of the constraint, termed the interface relax-
ation stress.
The initial elastic behavior is followed by an empirical
linear hardening response of the interface layer (see Fig. 1):
ry;CZðjÞ ¼ r0;CZ þ hIj ð6Þ
where r0,CZ is the initial yield stress of the CZ, j is the
hardening parameter taken as the equivalent plastic open-
ing of the CZ, and hI is the hardening slope. The plastic
behavior of the CZ representing the interface layer is as-
sumed to follow an associated ﬂow rule. For simplicity,
and in the absence of a physical model to distinguish them,
rIRS and r0,CZ are assumed to be equal in this study.
2.2. Numerical procedures
Uniaxial tensile tests of thin free-standing ﬁlms made of a
columnar grain structure are simulated in 2-D. The thin ﬁlms
can bemodeled using either plane-strain or plane-stress con-
ditions. In 2-D plane stress, the ﬁlms are described as collec-
tions of grains, while neglecting the stress variation over the
thickness. In 2-D plane-strain, the ﬁlms are represented as
ribbons of rectangular grains, the strain variation along
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the width being neglected, such as for instance in the disloca-
tion dynamics simulations by Nicola et al. [12,34,35]. In this
paper, only predictions obtained with the 2-D plane-strain
model are described in order to address the inﬂuence of the
thickness or the presence of a substrate or oxide layer on
the surfaces. In 2-D plane-strain, necking takes place over
a region scaling with the thickness.
The grains are modeled as identical rectangles, with a
thickness h (height dimension), and a grain size d (in plane
dimension). Two diﬀerent representative volume elements
are considered, depending on whether or not plastic local-
ization is simulated. For the small strain calculations with-
out necking (see the results given in Figs. 4, 5 and 8) only
two half-grains surrounding a grain boundary are modeled
(see Fig. 2a). Periodic boundary conditions simulate plane-
strain tension in a direction perpendicular to the grain
boundary. For large strain calculations, needed to address
necking, a ribbon made of 20 grains is simulated. For sym-
metry reasons, it is suﬃcient to model only one-quarter of
the ribbon (see Fig. 2b). In order to simulate necking, an
imperfection g is introduced in the central grain and the
boundary conditions are no longer periodic. The imperfec-
tion consists of a smaller initial ﬂow stress equal to
ð1 gÞr0, where r0 is the initial ﬂow stress of the other
grains. A few calculations are also performed using normal
grain size distributions (see Fig. 2c) with a mean d = l and
a standard deviation Dd = 0.2l. Normalized grain sizes
range between d/l = 0.32 and 1.44.
The bulkmaterial elastic behavior is given by theYoung’s
modulus E and Poisson ratio m. The plastic behavior is
described by the Voce law [32] characterized by r0, H0 and
b0. The strain gradient plasticity model involves the internal
length l. Three cases are considered: a single free-standing
ﬁlm with free surfaces (n = 0); a ﬁlm with one constrained
surface (n = 1); or a ﬁlm with two constrained surfaces
(n = 2). For the sake of simplicity, the interface layer behav-
iors are characterized by the same two parameters: the inter-
face relaxation stress rIRS, and the eﬀective hardening hI.
Although the interface relaxation stress is the same for all
cohesive zones, the stress undergone by each CZ depends
on its location and relaxation does not occur simultaneously
on all interface layers. Note that the surrounding substrate,
adjacent ﬁlm or oxide layer are not modeled, but only the
interface layerswith them.Hence, the eﬀect of the long-range
stress ﬁelds induced by dislocation accumulation in a plasti-
cally deforming substrate is not, for instance, taken into
account. Furthermore, in the case of the ﬁnite-strain analy-
sis, the simulations only make sense for free-standing ﬁlms
with or without oxide layers. The presence of the substrate
or of an adjacent ﬁlm would of course very much aﬀect the
localization problem [36–39].
Dimensional analysis shows that the 0.2% oﬀset yield
stress ry and uniform strain eu depend on the following
parameters:
ry
r0
¼ F E
r0
; m;
H0
r0
;b0|ﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄ}
behavior of the coarse grain material
;
d
l
;
h
l
; g; n|ﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄ}
thin film parameters
;
rIRS
r0
;
hI
E|ﬄﬄﬄﬄ{zﬄﬄﬄﬄ}
interface parameters
0
BBB@
1
CCCA
ð7Þ
eu
eg!0u
¼ F E
r0
; m;
H0
r0
;b0|ﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄ}
behavior of the coarse grain material
;
d
l
;
h
l
; g; n|ﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄ}
thin film parameters
;
rIRS
r0
;
hI
E|ﬄﬄﬄ{zﬄﬄﬄ}
interface parameters
0
BBB@
1
CCCA
ð8Þ
The uniform strain eu is the largest strain for which no
elastic unloading is detected in the ﬁlm. It is a lower bound
estimate of the ductility. The four parameters describing
the grain interior behavior are kept constant: E/
r0 = 1167, m = 0.3, H0/r0 = 9, b0 = 13.5 [40]. These param-
eters are representative of pure aluminum. The inﬂuence of
the other parameters is considered with variations around
one master case set of parameters which consists of the nor-
malized thickness h/l = 1, normalized grain size d/l = h/
l, imperfection g = 1% (when applicable), and no con-
strained surfaces, i.e. n = 0. The two parameters related
to the response of the interface layers are the normalized
interface relaxation stress rIRS/r0, set to a very high value
equal to 1000 (i.e. impenetrable interface), and the normal-
ized eﬀective hardening hI/E = 1 (which has no eﬀect on the
response as the CZ remains elastic in all simulations per-
formed with the master case). If not speciﬁed, a parameter
is set to its master case value.
3. Results and discussion
3.1. Contributions of the diﬀerent interface layers to
strengthening
Fig. 3 presents the inﬂuence of the higher-order bound-
ary conditions on the normalized engineering stress r/r0 vs.
Fig. 2. 2-D plane-strain descriptions of the polycrystalline thin ﬁlm: two
half-grains surrounding a grain boundary (a), 20 grain ribbon (quarter
symmetry) without (b) or with grain size distribution (c).
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strain e curves obtained with the ﬁnite-strain ribbon model
(see Fig. 2b). Four conﬁgurations are considered: homoge-
neous (without any interface); no constrained surface
(n = 0, i.e. only grain boundaries); one constrained surface
(n = 1); and two constrained surfaces (n = 2). The curves
are stopped when plastic localization is detected (e = eu).
The introduction of interface layers induces additional
plastic strain gradients in the ﬁlm contributing to an
enhanced strengthening. All the interfaces contribute to
the strengthening, the eﬀect of grain boundaries being
almost equal to that of two constrained surfaces. Note that
this is only true for equiaxed grains, where the total length
of vertical and horizontal interfaces is the same. The inﬂu-
ence of the grain shape on the relative contributions of the
grain boundaries and of the constrained surfaces will be
addressed in the next subsection. A loss of ductility occurs
with increasing strength, except for the fully conﬁned con-
ditions (n = 2). Note that strain gradients also aﬀect the
response of the homogeneous ﬁlm, but only when heteroge-
neities start developing, i.e. after the onset of plastic local-
ization (see further). The results of Fig. 3 provide the
general picture of the diﬀerent phenomena of interest in
this study, which are now investigated individually in more
detail.
3.2. Yield strength
A more in-depth analysis of the yield strength is per-
formed using the simple two-grain model (see Fig. 2a).
Fig. 4 shows the variation of the normalized yield stress
ry/r0 as a function of the inverse of the normalized thick-
ness l/h for thin ﬁlms without constrained surface (n = 0),
with one (n = 1), or two (n = 2) constrained surfaces, and
for three values of the normalized grain size d/l. For a
given normalized grain size d/l, the thickness eﬀect
depends on the presence or not of dislocation barriers on
the surfaces. In the absence of constrained surfaces
(n = 0), the strength decreases slightly with decreasing
thickness at constant grain size. This eﬀect is reasonable
considering that, in reality, it is easier for the dislocations
to escape from the ﬁlm when the grains are ﬂat. However,
for ﬁlms involving one (n = 1) or two (n = 2) constrained
surfaces, i.e. oxides or other layers, the strain gradients
induced by the higher-order boundary conditions lead to
a thickness-dependent strengthening. This eﬀect has been
demonstrated experimentally, for instance, by Vlassak
and co-workers [13,20] (we will come back to this compar-
ison in the ﬁnal section). The thinner the ﬁlm, the larger the
strengthening. However, these surface barriers to plastic
ﬂow on the lower and upper surfaces have almost no inﬂu-
ence once the thickness is larger than 4l (i.e. l=h < 14).
Indeed, the contribution of the large plastic strain gradients
near the surfaces becomes small when averaging the overall
behavior. As a matter of fact, for a given normalized thick-
ness h/l and a given number of constrained surfaces n, the
classical grain size eﬀect is observed: the smaller the grain
size, the larger the yield strength, in agreement with the
Hall–Petch eﬀect [41,42]. The fact that the grain boundaries
are perfectly vertical in this model and perpendicular to the
main loading directly aﬀects the predictions and leads to
almost no coupling between d and h (the variations with
l/h are independent of d/l). This is in agreement with
the empirical relationship given in the introduction [8].
Introducing a more realistic distribution of grain bound-
aries in 3-D would probably introduce some degree of
thickness dependence.
Fig. 4 also allows the inﬂuence of the grain shape to be
addressed. In the absence of constrained surface (n = 0),
since the strength depends almost exclusively on the grain
size, elongated grains are stronger than equiaxed and ﬂat
grains. However, the strengthening eﬀect associated with
Fig. 3. Normalized engineering stress–engineering strain curves: eﬀect of
imposing higher-order boundary conditions on the grain boundaries only,
as well as on one or two surfaces.
Fig. 4. Variation of the normalized yield stress as a function of the inverse
of the normalized thickness, for no (n = 0, dotted lines), one (n = 1,
dashed lines) or two (n = 2, continuous lines) constrained surfaces, and for
three values of the normalized grain size d/l. Symbols  and d are the
experimental data from Venkatraman [10] assuming l = 1.1 lm (For
interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.).
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the presence of constrained surfaces is larger in ﬂat grains
compared to equiaxed and elongated grains. For instance,
with two constrained surfaces (n = 2), elongated (h/l = 4,
d/l = 0.25), equiaxed (h/l = 2.125, d/l = 2.125) and ﬂat
(h/l = 0.25, d/l = 4) grains, having the same total length
of interfaces in the plane of deformation, show normalized
yield stresses equal to ry/r0 = 5.01, 1.56 and 5.10, respec-
tively. The lower strength is obtained for the equiaxed
grains, where grain boundaries and constrained surfaces
contribute almost equally to the strengthening induced by
the strain gradients. For the elongated and ﬂat grains,
the smaller the grain size (respectively the thickness), the
more eﬀective are the vertical (respectively horizontal)
interfaces in terms of strengthening.
Fig. 5 presents the inﬂuence of the normalized interface
relaxation stress rIRS/r0 and eﬀective hardening hI/E on
the normalized engineering stress–strain curves, for a nor-
malized thickness and grain size h/l = d/l = 0.5 (no con-
strained surface, i.e. n = 0). The smaller the interface
relaxation stress, the sooner the curves depart from the
“impenetrable” interface limit (rIRS =1). As soon as
grain boundary relaxation occurs somewhere in the ﬁlm,
the overall behavior starts depending on the response of
the interface layers. Therefore, the smaller the relaxation
stress, the larger the inﬂuence of the eﬀective hardening
of the interface layer. Again, the simpliﬁed ribbon-type
geometry artiﬁcially ampliﬁes the grain boundary eﬀect.
Fig. 5 shows that the behavior can become perfectly plastic
for smaller values of rIRS and hI. The connection between
the interface relaxation stress and the physical mechanisms
remains an open question and probably requires informa-
tion derived from atomistic calculations (e.g. [43–45]). Note
that these two parameters have an inﬂuence on the appar-
ent work hardening, but not on the 0.2% oﬀset yield stress
for the range of parameters tested here.
3.3. Strain hardening
Strain hardening and plastic localization have been
addressed using ﬁnite-strain simulations performed with
the ribbon model (see Fig. 2b). Fig. 6a presents the inﬂu-
ence of the normalized thickness h/l on the normalized
engineering stress–strain curves for homogeneous or poly-
crystalline free-standing thin ﬁlms with no constrained sur-
face. Note that for the polycrystalline ﬁlms, the grain size is
equal to the thickness (d/l = h/l), and the grain bound-
aries are modeled as impenetrable interfaces (rIRS/
r0 =1). The thickness can have two opposite eﬀects on
the ductility depending on the presence or not of grain
boundaries. In homogeneous ﬁlms, the thinner the ﬁlm,
the larger the magnitude of the plastic strain gradients,
hence the ductility. Plastic strain gradients tend to stabilize
plastic localization by providing additional strengthening
Fig. 5. Eﬀect of the normalized eﬀective hardening (dotted lines: hI/
E = 104, dashed lines: hI/E = 10
2, continuous lines: hI/E = 1) on the
normalized engineering stress–strain curves for three values of the
normalized interface relaxation stress rIRS/r0.
(a)
(b)
Fig. 6. Eﬀect of the normalized thickness h/l on (a) the normalized
engineering stress–strain curve and (b) on the uniform elongation for
homogeneous (continuous lines) or polycrystalline (dotted lines) free-
standing ﬁlms with or without grain boundary relaxation.
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to the region where necking initiates. This eﬀect has been
discussed by Niordson and Tvergaard [23]. In polycrystal-
line ﬁlms, the ductility decreases with decreasing thickness.
This drop in ductility associated with the size-induced
strengthening has been shown experimentally directly or
indirectly; see many examples of very small ductility
reported for thin ﬁlms [46–48]. A decrease in the ductility
is captured by the model, though there is no dramatic drop.
Now, allowing for grain boundary relaxation through
decreasing the associated stress rIRS leads to a more signif-
icant loss of ductility, as shown in Fig. 6b, where the uni-
form strain of free-standing polycrystalline thin ﬁlms is
plotted as a function of the inverse of the normalized thick-
ness l/h for rIRS/r0 =1 or 4. The relaxation of the
higher-order boundary conditions thus has little inﬂuence
on the yield strength, but has an impact on the loss of duc-
tility for very thin ﬁlms.
Fig. 7 presents the variation of the normalized uniform
elongation eu=eg!0u as a function of the imperfection g,
allowing or not for grain boundary relaxation, i.e. rIR/r0 =
1 or 4. In bulk materials, the ductility decreases very sig-
niﬁcantly in the presence of imperfections [49]. The imper-
fection sensitivity in thin ﬁlms is not expected to be as large
as in bulk materials due to strain gradient eﬀects. In Fig. 7,
very limited imperfection sensitivity is predicted without
grain boundary relaxation: a 10% imperfection leads to less
than 20% loss of ductility. With relaxation of the grain
boundary conﬁnement, a much larger decrease by 50% of
the ductility is predicted by the model. The loss of ductility
depends thus heavily on the grain boundary relaxation
rIRS/r0. Indirect evidence of signiﬁcant imperfection sensi-
tivity in thin ﬁlms has been recently provided [22], thus jus-
tifying the use of a limited value of rIRS in the context of
the present model to capture this eﬀect (see last section).
Thin ﬁlms are more susceptible to imperfections than bulk
material, as a result of the roughness, grain boundary
grooving or the columnar grain structure (one grain over
the thickness).
3.4. Bauschinger eﬀect
Fig. 8 shows the inﬂuence of the interface relaxation
stress rIRS/r0 on the normalized engineering stress–strain
curve, for thin ﬁlms with two constrained surfaces
(n = 2), and for a thickness and grain size h/l = d/l =
0.5. When increasing the pre-strain, the level of compres-
sive stress required for reverse plastic ﬂow is decreased.
This eﬀect is not observed in the absence of constrained
surfaces. The larger the grain boundary relaxation stress,
the stronger is the Bauschinger eﬀect. Indeed, the largest
back-stresses are generated when no relaxation of the inter-
faces is allowed, involving the largest possible plastic strain
gradients. For larger values of the grain boundary relaxa-
tion stress and pre-strain, reverse plastic ﬂow starts under
tensile macroscopic stress. The Bauschinger eﬀect is extre-
mely diﬃcult to test experimentally on thin ﬁlms. As
explained in more detail in the last section, Xiang and Vlas-
sak [20] performed reverse-loading experiments by using a
modiﬁed version of the plane-strain bulge test on Cu thin
ﬁlms, showing but only for passivated ﬁlms a very signiﬁ-
cant Bauschinger eﬀect starting under positive stress.
3.5. Grain size distribution
Fig. 9 shows the normalized engineering stress–strain
curves obtained for 10 diﬀerent grain size distributions
(see Fig. 2c), compared to the master case involving a single
grain size (see Fig. 2b) and no imperfection (g = 0). The
master case gives an upper bound on the strength and on
the ductility. Accounting for a grain size distribution
induces a slight decrease in the strength and a noticeable
loss of ductility. The smallest stress was observed for the
Fig. 7. Variation of the normalized uniform elongation as a function of
the imperfection size for polycrystalline free-standing ﬁlms with or without
grain boundary relaxation.
Fig. 8. Bauschinger eﬀect: inﬂuence of the normalized grain boundary
relaxation stress rIRS/r0 on the normalized engineering stress–strain curve,
in a model with grain boundary and constrained surfaces.
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distribution involving the largest grain: the uniform strain
and corresponding stress are about 60% and 10% lower
than the master case, respectively. The largest grain has a
major impact on the behavior. It sets the maximum level
of strengthening. Again, the 2-D ribbon model artiﬁcially
ampliﬁes grain distribution eﬀects, as the imperfection is
aﬀecting the entire width, which is not the case in reality
except for a bamboo-like structure. According to Fig. 4,
the yield stress is 10% lower than the master case with
the distribution involving the largest grain (with
d/l = 1.44). In fact, this large grain introduces an imper-
fection in the ﬁlm equal to g = 10%, which is responsible
for most of the drop of ductility. According to Fig. 7, it
should lead to a 50% drop of the uniform elongation. Even
though the 2-D model exaggerates this eﬀect, it reveals the
importance of the grain size distribution in the range of
sizes (d < 1 lm) where the strength is signiﬁcantly aﬀected
by small changes in the dimensions of the microstructure.
The grain size distribution is thus a primary source of
imperfections controlling the resistance to necking.
3.6. Assessment in terms of experimental data
Several qualitative assessments in terms of experimental
data have been mentioned in the previous sections and are
now analyzed in more detail. First, the variation of the
0.2% oﬀset yield stress as a function of the thickness and
grain size has been addressed in Fig. 4. A comparison with
experimental data requires specifying a value for the inter-
nal length l. The best agreement with Venkatraman and
Bravman [10] results for Al thin ﬁlms with two constrained
surfaces (one substrate and one 65 nm thick oxide) and for
two mean grain sizes d = 0.9 and 1.9 lm is found using
l ¼ 1:1lm, i.e. d/l = 0.82 and 1.73. These results have
been added in Fig. 4. The evolution with l/h closely paral-
lels the predictions of the model using n = 2. By interpolat-
ing through the data, the experimental results match the
predictions for d/l = 0.43 and d/l = 0.72, which are lower
than the experimental values d/l = 0.82 and d/l = 1.73.
The criterion used experimentally to determine ry might,
however, be an issue: slightly increasing the oﬀset value
used to deﬁne ry would lead to larger values of the pre-
dicted ry (see Fig. 5), in closer agreement with the experi-
mental results.
Xiang and Vlassak [20] measured the eﬀect of a passiv-
ation layer on the yield stress of free-standing copper thin
ﬁlms with thicknesses ranging from h = 0.34 to 4:2lm,
using the plane-strain bulge test. Submicron ﬁlms were
sputter-deposited with average grain sizes ranging from
d = 0.33 to 0:54lm, whereas thicker ﬁlms were electro-
plated with an average grain size d ¼ 1:5lm. In order to
characterize the eﬀect of the passivation layer, a strength-
ening factor S was deﬁned as:
S ¼ rn¼1y =rn¼0y ð9Þ
where rn¼1y and r
n¼0
y are the yield stresses for a ﬁlm with one
or no passivated surface, respectively. Fig. 10 shows the
variation of S as a function of the thickness h for both sput-
tered and electroplated ﬁlms. The predictions of the model
shown in Fig. 4 are converted in S values and plotted in
Fig. 10 using d/l = 1.5 (i.e. d ¼ 1:5lm and l ¼ 1lm) on
Fig. 4. Although the results plotted on Fig. 4 were obtained
using parameters representative of pure Al, the comparison
with the results on Cu is very good, in terms of capturing
the relative eﬀect on the strengthening of constraining or
not the plastic ﬂow at one ﬁlm surface.
Xiang and Vlassak [20] also observed a large Bauschin-
ger eﬀect in the passivated submicron Cu ﬁlms, with reverse
plastic strain increasing linearly with the pre-strain. The
results of Fig. 8 were used to determine the back-stress
rb, deﬁned as:
Fig. 9. Eﬀect of 10 diﬀerent grain size distributions (continuous lines) on
the normalized engineering stress–strain curve compared to the master
case (dashed line).
Fig. 10. Variation of the strengthening factor S resulting from constrained
plastic ﬂow at one ﬁlm surface as a function of the ﬁlm thickness h. The
symbols are the experimental data measured by Xiang and Vlassak [20].
The continuous line is the prediction of the model for d = 1.5 lm and
l = 1 lm (and all other parameters of the master case).
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rb ¼
rforwardy  rbackwardy
2
ð10Þ
where rforwardy and r
backward
y correspond to the current yield
stress upon loading and reverse loading, respectively.
Fig. 11 shows the evolution of the normalized back-stress
rb/r0 with the pre-strain e for three values of the normal-
ized interface relaxation stress rIRS/r0. The back-stress rb
increases linearly with e in agreement with Xiang and Vlas-
sak, with an oﬀset depending on rIRS: the larger the relax-
ation stress, the larger the back-stress. The magnitude of
the predicted back-stress is, however, 2–3 times smaller
than the experimental value. The underestimation comes
from the fact that the model does not take into account
additional sources of back-stress caused, for instance, by
the grain size or crystal orientation distributions.
The ductility of 200 and 375 nm thick Al ﬁlms has been
recently characterized using a dedicated on-chip tensile
testing technique [22]. Strong imperfection sensitivity
related to the sample thickness and surface area has been
observed. Indeed, there is an increasing probability of pro-
ducing larger geometrical imperfections (e.g. inherent to
the fabrication process) and material imperfections (e.g.
due to the size and orientation distribution) when the sur-
face area increases, as well as when the thickness decreases.
The measured ductility varies between 0.016 and 0.08 for
the 200 nm thick ﬁlms, and between 0.07 and 0.27 for the
375 nm thick ﬁlms. Using the same grain shape d/h = 0.8,
a normalized interface relaxation stress rIRS/r0 = 4 and
an internal length l ¼ 0:75lm, the present model predicts
a ductility equal to 0.063 and 0.092 for the 200 nm and
375 nm thick ﬁlms, respectively. Considering an imperfec-
tion g = 1%, the value for the 200 nm ﬁlm is in good agree-
ment with the experimental data, but the ductility of the
375 nm ﬁlm is signiﬁcantly underestimated. Furthermore,
taking into account the experimental grain size distribution
by decreasing g as in the previous section would lower the
ductility even more. We anticipate that rate-sensitivity
eﬀects, connected to grain growth mechanisms, can, in this
case, play a signiﬁcant role and increase the ductility
[50,51]. Further studies will aim at accounting for rate-sen-
sitivity eﬀects.
4. Conclusions
A ﬁnite-element model relying on a ﬁnite-strain imple-
mentation of the Fleck–Hutchinson strain gradient plastic-
ity theory for the behavior of the grain interior, and on a
representation of the interface layers as cohesive zones with
evolving higher-order boundary conditions, has been pre-
sented and validated towards experimental results. The
interface layers (grain boundary, interface with the sub-
strate or with an oxide layer) are considered to be initially
impenetrable to dislocations, but this constraint can be
relaxed when the stress on an interface reaches a critical
value. This model successfully captures
 the increase of strength with decreasing grain size, and
with decreasing thickness in presence of constrained sur-
faces. When both strengthening eﬀects are acting, equi-
axed grains show a smaller strength than elongated
and ﬂat grains having the same total length of interfaces
in the plane of deformation,
 the decrease of the uniform elongation with decreasing
thickness and grain size, and with increasing imperfec-
tion. Allowing the relaxation of the higher-order bound-
ary conditions leads to a more pronounced (and more
realistic) loss of ductility. Grain size distribution is a sig-
niﬁcant source of imperfections,
 the accumulation of back-stress with pre-strain. The
Bauschinger eﬀect depends on the stress value up to
which interface layers are impenetrable to dislocations.
All these trends are in fair agreement with the experi-
mental data. Alternative approaches to model the same
problem have been proposed in the literature, from simple
1-D dislocation-based formalisms [15] to sophisticated dis-
crete dislocation dynamics simulations [12,13,34,35]. The
present model oﬀers a good trade-oﬀ with a relatively rig-
orous full constitutive model approach while limiting the
number of parameters (one internal length and one relaxa-
tion stress on top of the hardening law) and allowing for
ﬁnite-strain simulations of relatively complex systems. In
order to account for rate-sensitivity eﬀects, a viscoplastic
formulation [52] of the present model will be implemented
in the future.
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